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Measuring the Impact of Tinnitus on Aided
Listening Effort Using Pupillary Response
Josefine Juul Jensen1,2, Susanna L. Callaway2, Thomas Lunner3,4,5,
and Dorothea Wendt5,6
Abstract
Tinnitus can have serious impact on a person’s life and is a common auditory symptom that is especially comorbid with
hearing loss. This study investigated processing effort required for speech recognition in a group of hearing-impaired people
with tinnitus and a control group (CG) of hearing-impaired people without tinnitus by means of pupillary response.
Furthermore, the relationship between the pupillary response, self-rating measures of tinnitus severity, and fatigue was
examined. Participants performed a speech-in-noise task with a competing four-talker babble at two speech intelligibility
levels (50% and 95%) with either an active or inactive noise-reduction scheme while the pupillary response was recorded.
Tinnitus participants showed significantly smaller time-dependent pupil dilations and significantly higher fatigue ratings. No
correlation was found for the tinnitus severity and pupillary response, but a significant correlation was found between the
tinnitus severity and fatigue. As participants with tinnitus generally reported higher fatigue and showed smaller task-evoked
pupil dilations, it was speculated that this may suggest an increased activity of the parasympathetic nervous system, which
governs the bodily response during rest. The finding that tinnitus participants showed higher fatigue has clinical implications,
highlighting the importance of taking steps to decrease the risk of developing long-term fatigue. Finally, the tinnitus partici-
pants showed reduced pupillary responses when noise reduction was activated, suggesting a reduced effort from hearing aid
signal processing.
Keywords
tinnitus, pupillometry, pupil dilation, effort, hearing impairment, noise reduction, hearing aids, fatigue, need for recovery
Date received: 18 January 2018; revised: 14 June 2018; accepted: 9 July 2018
Introduction
Tinnitus is a common auditory symptom that can aﬀect
all people with or without hearing loss (Langguth,
Kreuzer, Kleinjung, & De Ridder, 2013). Tinnitus is
deﬁned as the perception of meaningless sound that
occurs without any external sound stimuli (Langguth
et al., 2013). The literature estimates that 5% to 15%
of the global adult population have chronic tinnitus
(Axelsson & Ringdahl, 1989; Hoﬀmann & Reed, 2004;
Khedr et al., 2010; Lasisi, Abiona, & Gureje, 2010;
Michikawa et al., 2010; Nondahl et al., 2002; Ries,
1994; Shargorosky, Curhan, & Farwell, 2010; Xu et al.,
2011). The eﬀect and impact of tinnitus vary from non-
existent to profound (Baguley, Andersson, McFerran, &
McKenna, 2013), and the majority of people are rela-
tively unaﬀected by their tinnitus. For approximately
10% to 20% of tinnitus suﬀerers, tinnitus can aﬀect
sleep, mood, and daily life activities (Davis & Rafaie,
2000). It is generally estimated that approximately 2%
of the tinnitus population is so severely aﬀected by their
tinnitus that quality of life is severely impaired
(Langguth et al., 2013; Rossiter, Stevens, & Walker,
2006). Although it is well established that tinnitus
patients subjectively report that tinnitus disturbs the
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cognitive mechanisms of concentration (Andersson,
Lyttkens, & Larsen, 1999; Tyler & Baker, 1983), evi-
dence for the involvement of tinnitus in other cognitive
mechanisms is weak. Whether tinnitus aﬀects perform-
ance on cognitive tasks is under debate, especially
regarding its eﬀects on behavioral and objective meas-
ures, and further research within the ﬁeld is warranted
(Andersson & McKenna, 2006; Mohamad, Hoare, &
Hall, 2016; Tegg-Quinn, Bennet, Eikelboom, &
Baguley, 2016). For the cognitive component of working
memory (WM), results vary. Rossiter et al. (2006) found
that tinnitus participants performed worse on a reading
span test, suggesting a poorer WM capacity. Similarly,
Stevens, Walker, Boyer, and Gallagher (2007) found sig-
niﬁcantly slower reaction times on a dual-task paradigm
for tinnitus patients, suggesting a poorer WM perform-
ance in high-demand tasks. However, neither study con-
trolled for hearing loss, which may have been the main
factor contributing to the group eﬀects (Tegg-Quinn
et al., 2016). Hallam, McKenna, and Shurlock (2004)
compared tinnitus and nontinnitus patients with similar
hearing status on performance with a dual task and
found poorer performance in the tinnitus patients. For
the component of attention, Cuny, Norena, El Massioui,
and Che´ry-Croze (2004) investigated auditory attention
in individuals with unilateral tinnitus. They found that
participants with unilateral tinnitus had more diﬃculty
shifting attention to the nontinnitus ear, and that the
participants had a biased attention toward the tinnitus
ear. They also found tinnitus severity to be associated
with less eﬃcient attention capability. Stevens et al.
(2007) found similar results in their study in which they
investigated reaction times using the Stroop color–word
test, where words for colors are written in alternating
corresponding and noncorresponding colors. The tin-
nitus group (TG) had slower reaction times, and the
authors interpreted that to mean tinnitus causes an
impairment in attention . In contrast, Heeren et al.
(2014) found no signiﬁcant diﬀerence between tinnitus
and control participants in an attention test. The support
behind tinnitus aﬀecting cognitive mechanisms is mixed,
and it is deemed necessary to explore the degree to which
factors such as hearing loss may be involved. The litera-
ture has suggested that only few diﬀerences in objective
measures are found when individuals with hearing loss
are used as controls, perhaps because hearing loss and
tinnitus may have similar cognitive consequences
(Andersson & McKenna, 2006; McKenna & Hallam,
1999; Tegg-Quinn et al., 2016).
Research on possible eﬀects of tinnitus on the cogni-
tive mechanism of eﬀort is unexplored. Eﬀort can be
deﬁned as the intentional allocation of resources that
are applied to overcome obstacles when pursuing a
goal in a task (Pichora-Fuller et al., 2016). For process-
ing eﬀort, the applied resources are mental resources,
and two factors are involved in processing eﬀort. One
factor is the processing demand, which is created by
the task or the environment in which the processing
occurs. The other factor is related to the listener and
can be dependent on hearing loss (Mattys, David,
Bradlow, & Scott, 2012; Wendt, Koelewijn, Ksiazek,
Kramer, & Lunner, 2017), cognitive abilities such as
WM (Koelewijn, Zekveld, Festen, & Kramer, 2014), or
individual motivation to expend mental eﬀort (Pichora-
Fuller et al., 2016). Based on the aforementioned
research, it is probable that tinnitus aﬀects processing
eﬀort, as tinnitus may aﬀect factors related to the lis-
tener, for example, cognitive abilities.
Eﬀort (as the umbrella term for processing eﬀort, lis-
tening eﬀort, and cognitive eﬀort) can be assessed with
behavioral, subjective, and physiological methods
(Ohlenforst et al., 2017; Pichora-Fuller et al., 2016).
Within the physiological methods, the pupillary response
is considered to reﬂect processing load (Beatty, 1982;
Pichora-Fuller et al., 2016; Zekveld & Kramer, 2014).
The task-evoked pupil dilation response can be asso-
ciated with both the sympathetic nervous system (SNS)
and parasympathetic nervous system (PNS) branches of
the autonomic nervous system. These branches are in the
control of diﬀerent responses, where the SNS controls
the ‘‘ﬁght or ﬂight’’ response necessary in stressful situ-
ations, and the PNS controls the ‘‘rest or digest’’
response, which is active in situations that do not require
the body to prepare for ﬁghting or ﬂeeing. Although
both branches are active during pupil dilation, it is
mainly governed by the SNS system (Kahneman,
1973), but the balance of the branches may be askew in
certain populations (Wang et al., 2018). Pupillometry has
been applied to obtain measures of cognitive processing
load (Beatty, 1982; Kahneman, 1973). Furthermore, it
has been used successfully as an index of eﬀortful listen-
ing during speech recognition to investigate the eﬀect of
hearing status, hearing aid (HA) signal processing, or
task diﬃculty on eﬀort, within the ﬁeld of hearing-
related research (e.g., Wendt et al., 2017; Zekveld,
Kramer, & Festen, 2010).Those studies measured pupil
dilation, while participants recognized everyday sen-
tences in background noise. Commonly, three diﬀerent
parameters of pupil dilation are assessed with pupillome-
try in those studies: the peak of the pupil dilation (PPD),
the latency of the peak dilation, and the mean pupil dila-
tion within a given time frame (Zekveld, Kramer, &
Festen, 2011). It has been suggested that the PPD reﬂects
momentary, task-induced eﬀort, and it has been demon-
strated that the pupil dilation can change according to
hearing status and task demands. For example,
Ohlenforst et al. (2017) showed that PPD changed
depending on the listener’s hearing abilities and that
individuals with hearing loss had large PPDs over a
wider range of signal-to-noise ratios (SNRs) compared
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with normal hearing (NH) controls, whose PPD was at
its maximum in a narrower range of SNRs.
Although the PPD has traditionally been used as a
measure in pupillometry studies, some recent studies
show that other ways of analyzing pupillary response
can be more sensitive (Kuchinsky et al., 2013; Wendt
et al., 2018; Winn, Edwards, & Litovsky, 2015). For
instance, growth curve analysis (GCA) has been applied
in recent studies to model the change of the pupillary
response over time, rather than analyzing static eﬀects
at a particular point in the pupil dilation (Mirman,
Dixon, & Magnuson, 2008). With GCA, parameters of
the pupillary response, such as steepness of the dilation,
the overall shape, and the overall slope, can be investi-
gated. As the GCA may reveal the impact of tinnitus on
the time course of the pupillary response, which may not
be reﬂected in the PPD, it was included in this study.
Many persons with hearing loss report tinnitus.
However, to the best of the authors’ knowledge, the
impact of tinnitus on processing eﬀort, as indicated by
the pupillary response, has not yet been studied. As pre-
vious studies have suggested that several listener-related
factors may inﬂuence the pupil response evoked by a
task, such as the hearing status (Ohlenforst et al., 2017;
Zekveld et al., 2011), cognitive abilities such as WM cap-
acity (Zekveld & Kramer, 2014), and the age of the par-
ticipant (Zekveld et al., 2011), it seems pertinent to
investigate whether tinnitus is another listener-related
factor that may impact processing eﬀort.
In this study, it was hypothesized (H1) that individ-
uals with tinnitus and hearing loss (TG) will display an
increased task-evoked processing eﬀort as assessed by
the pupillary response compared with those with hearing
loss who do not have tinnitus (CG). As it has already
been shown, listener-dependent factors such as hearing
loss can increase processing eﬀort; thus, it seems reason-
able to suspect that tinnitus further adds to eﬀort.
In addition to listener-dependent factors, it has also
been shown that signal-related factors inﬂuence process-
ing eﬀort (Koelewijn, Zekveld, Festen, & Kramer, 2012;
Ohlenforst et al., 2017; Wendt et al., 2017). It has previ-
ously been seen that HA processing can reduce listening
eﬀort for people with hearing loss. Wendt et al. (2017)
investigated the beneﬁt of HA signal processing by mea-
suring the PPD during a speech-in-noise test (hearing in
noise test [HINT], Nilsson, Soli, & Sullivan, 1994) in
participants with aided hearing loss. Pupillary response
was measured at two diﬀerent intelligibility levels, and
two diﬀerent settings of the HAs, that is, with an active
and inactive noise reduction (NR) scheme. They found
that the PPD decreased, indicating a reduced processing
eﬀort, as a function of the intelligibility (from 50% to
95%) and as a function of the NR scheme. Interestingly,
they demonstrated a reduced processing eﬀort even at
ceiling performance levels.
Based on the aforementioned rationale, it was
hypothesized (H2) that applying an NR scheme would
signiﬁcantly reduce processing eﬀort as assessed by
pupillary response. Furthermore, based on previous
research showing that tinnitus severity was related to
less eﬃcient attention capability (Cuny et al., 2004), it
was hypothesized (H3) that subjective tinnitus severity
would correlate with objective PPD, such that the
worse you perceive your tinnitus, the more eﬀort you
expend in the task.
Being required to spend more eﬀort in order to meet
demands (such as understanding speech with a hearing
loss) may accumulate, with the consequence of fatigue
over time. Fatigue is a complex phenomenon that can
occur in the short term as a consequence of spending
extra mental eﬀort during, for example, a challenging
task or a shorter period of increased demands at work.
It can also be a continuous state as a consequence of a
persistent disease or lack of possible recovery after
longer periods of stress (Hornsby, Naylor, & Bess,
2016)—and perhaps tinnitus. Implications suggest that
people with hearing loss are more fatigued than
normal-hearing individuals (Kramer, Kapteyn, &
Houtgast, 2006; Nachtegaal, Festen, & Kramer, 2012).
To the best of our knowledge, no study has investigated
the presence of fatigue in individuals with tinnitus.
However, research suggests that tinnitus is associated
with emotional exhaustion (He´bert, Canlon, & Hasson,
2012), sleep disturbance (Alster, Shemesh, Ornan, &
Attias, 1993), and insomnia (Cro¨nlein, Langguth,
Geisler, & Hajak, 2007; Folmer & Griest, 2000). In line
with the hypothesis that people with tinnitus expend
more eﬀort and the suggestion that consequences of
eﬀort accumulate over time, this study also investigated
self-reported daily life fatigue. Consequently, it was
hypothesized (H4) that people with tinnitus and hearing
loss show increased ratings of self-reported daily life fati-
gue than people with hearing loss and no tinnitus and
that self-rated tinnitus severity will correlate with self-
rated fatigue, meaning the worse you perceive your tin-
nitus, the more fatigued you are likely to feel.
Materials and Methods
Participants
Sixteen participants with chronic tinnitus lasting at least
6 months with an average age of 62 years, ranging from
45 to 79 years, were included in the TG, and 16 partici-
pants with an average age of 67 years, ranging from 47 to
84 years, were included in the CG. All participants were
native Danish speakers and had bilateral sensorineural
hearing loss (Figure 1). The pure-tone average from 500
to 4000Hz ranged from 18 to 75 dB HL with an average
of 42 dB HL for the TG and from 36 to 66 dB HL with
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an average of 49 dB HL for the CG. The participants
were all experienced and bilaterally ﬁtted HA users,
having used HAs for the majority of the day for at
least 3 months, and had no history of eye disease or
eye operations. Independent samples t-tests were per-
formed to compare the groups. No signiﬁcant diﬀerences
were found on age and gender nor between the 4-point
averages on the right and left ear (cf. Table 1).
Participants were given both verbal and written instruc-
tions prior to giving written consent. The ethics of this
project were approved by the Research Ethics
Committees of the Capital Region of Denmark.
Speech Material and Noise Conditions
Sentences from the Danish HINT (Nielsen & Dau, 2011)
were presented in a four-talker babble consisting of four
overlapping talkers. The masker was constructed with
four single audio ﬁles of two male and two female speak-
ers. All of them were nonprofessional speakers reading
text from a newspaper. All audio ﬁles had an equivalent
long-term average frequency spectrum to the Danish
HINT sentences, and speech pauses longer than 0.05 s
were removed from the recordings. A spatial setup
(Figure 2) of ﬁve loudspeakers was used in which the
target HINT sentences were presented from the front
of the speaker (at 0) and the four-talker babble
masker was presented from the sides and back of the
participant. Each competing talker of the babble
masker was presented spatially from one of the four
loudspeakers. One male and one female speaker were
always presented from the 90 and 270 azimuth pos-
ition, ensuring that the eﬀect of competing talkers was
balanced across all conditions.
A single trial consisted of the duration of the masker
presentation that started 3 s prior to the HINT sentence
onset and terminated 3 s after sentence oﬀset. Thus, each
trial length varied according to the length of the HINT
sentence, with a mean duration of 7.5 s. Subsequent to
the oﬀset of noise, participants were asked to repeat back
the sentence to the best of their ability. Each participant
performed three training lists of 20 sentences each at the
beginning of the session, where the ﬁrst list was
Figure 1. Average (between left and right ears) hearing curve for groups. TI¼ tinnitus group, CG¼ control group.
Table 1. Results of Independent Samples Test on Participants.
F(df) Significance t
Age 2.8 (30) .107 1.45
Gender 0.2 (30) .629 0.34
PTA4 Right 1.4 (30) .254 0.49
PTA4 Left 0.8 (30) .375 0.14
p< .05.
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performed in order to familiarize themselves with the
procedure, and the second and third lists were performed
to estimate the 50% and 95% speech reception threshold
(SRT50 and SRT95). SRT50 and SRT95 were deﬁned as
the individual levels of SNRs where the participant
recognized 50% and 95%, respectively.
NR Scheme
The participants were tested in two diﬀerent conditions
while wearing HAs. In Condition 1 (NoNR), no NR
scheme was applied, and ampliﬁcation was provided
with only the proprietary rationale, Voice Aligned
Compression (VAC; Le Goﬀ, 2015). The VAC rationale
is a curvilinear wide dynamic range compression and is
characterized by providing less compression at high
input levels and more at low input levels, with a com-
pression knee point between 30 and 40 dB SPL, depend-
ing on the frequency region and magnitude of hearing
loss.
In the other HA condition (NR), an NR scheme was
applied in addition to the VAC rationale prescribed
ampliﬁcation. This scheme consisted of diﬀerent blocks
of processing. First, three ﬁxed beamformers combined
two microphone signals in order to enhance omnidirec-
tional and rear cardioid signals. Next, a two-channel
minimum variance distortion-less response beamformer
(Kjems & Jensen, 2012) was applied to attenuate inter-
fering signals using spatial ﬁltering when the signals did
not come from the front of the listener where the target
was located. Then, a single-channel postﬁlter (Jensen &
Pedersen, 2015) removed interfering noise in postproces-
sing of the signal.
Estimation of L50 and L95
To have comparable speech intelligibility levels, each
participant’s Level 50 (L50, corresponding to SRT50)
and Level 95 (L95, corresponding to SRT95) were iden-
tiﬁed. The individual L50s and L95s were estimated with
a word-correct scoring for sentences presented in four-
talker babble. The estimations were obtained with HAs
set in the NoNR condition. An adaptive procedure was
applied to both levels. An adaptive procedure (Levitt,
1971) was used to estimate L95. In this procedure, the
L95 was estimated from the SRT80 by ﬁtting a psycho-
metric function to the data. The average L50 for the TG
was 0.4 dB SNR (2.5) and for the CG was 0.4 dB SNR
(2.7), with no signiﬁcant diﬀerence between groups, F(1,
31)¼ 0.00, p¼ .97. The average L95 for the TG was
6.3 dB SNR (3.8) and for the CG was 6.8 dB SNR
(3.6), with no signiﬁcant diﬀerence between groups,
F(1, 31)¼ 1.8, p¼ .29. Participants completed four test
lists after training: two in NoNR (at L50 and L95) and
two in NR (at L50 and L95). Each test list consisted of
25 sentences, and the order of list presentation was ran-
domized using the random number function in Excel
(Microsoft Oﬃce Prooﬁng Tools,  2012 Microsoft
Corporation). This function returns a random number
evenly distributed between 0 and 1, which changes on
calculation. Participants wore HAs during the entire
test (including training), and while they were performing
the speech recognition task, an eye-tracking camera rec-
orded their pupil dilation online.
Tinnitus Handicap Inventory
The Tinnitus Handicap Inventory (THI; originally devel-
oped by Newman, Jacobsen, & Spitzer, 1996) assesses
the degree of severity of tinnitus in terms of quality of
life. The Danish version of the THI (Zachariae et al.,
2000) was used in this study. The participants in the
TG were asked to ﬁll out the THI at the beginning of
the session. The THI consists of 25 questions (e.g.,
‘‘Because of your tinnitus, is it diﬃcult for you to con-
centrate?’’) where answer options are either yes (4
points), sometimes (2 points), or no (0 points). The THI
scores range from 0 to 100 points, which correspond to a
range of tinnitus categorizations (very mild, mild, moder-
ate, severe, or catastrophic). The average THI score was
38, corresponding to moderate tinnitus, ranging from 20
(mild tinnitus) to 70 (severe tinnitus). One participant
was excluded due to a THI score of 12 (very mild
tinnitus).
Thermometer
The Tinnitus Thermometer (IDA Institute) is a tool that
gauges how the person feels about their tinnitus at that
Figure 2. Spatial set-up, with participant in the center, stimulus
presented at 0, noise at 90, 270, 210, and 150, and the eye
tracking camera placed in front of the participant.
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very moment. It is a smiley face scale with corresponding
numbers from 0 to 10, where 0 represents no tinnitus, and
10 represents worst tinnitus Some patients with tinnitus
have varied experiences in how their tinnitus aﬀects them
(e.g., Stouﬀer & Tyler, 1990), and the tool can be used to
assess how a patient feels about their tinnitus at a given
moment. The thermometer was not used for statistical
analysis, but it was applied to ensure that the participant
was actually experiencing tinnitus on the day of the
experiment.
Need for Recovery scale
The Need for Recovery (NFR; developed by van
Veldhoven & Broersen, 2003) is intended as a surveil-
lance approach to discover early signs of fatigue and
prevent them from developing into long-term fatigue
that could require a leave of absence. The NFR is an
11-item scale that measures symptoms of daily-life fati-
gue where the subject must answer either ‘‘yes or ‘‘no’’.
Yes indicates the unfavorable situations, except for one
question, whereas No indicates the unfavorable situ-
ation. To calculate the score, the number of yes answers
(and the single item where no is unfavorable) are divided
by the total number of items (11) and then multiplied by
a 100 to get the score as percentage. The greater the
score, the greater the NFR, indicating a greater level of
fatigue. A Danish translation was used in this study.
Apparatus and Spatial Setup
Pupillary response was measured using an eye-tracker
system (iView X RED System; Sensor-Motoric
Instruments, Teltow, Germany) that recorded pupil dila-
tion with a sampling rate of 60Hz. The infrared camera
with an automatic eye and head tracker was placed in
front of the participant with a distance of approximately
60 cm to measure both eyes remotely. Stimuli presenta-
tion was controlled using MATLAB-based program-
ming (MathWorks, Natick, MA). Auditory signals
were routed through a sound card (RME Hammerfall
DSB multiface II; Audio AG, Haimhausen, Germany)
and played back via ﬁve Genelec 8040A loudspeakers
(Genelec Oy, Iisalmi, Finland). The experiment was per-
formed in an acoustics-treated, double-walled IAC-
NORDIC (IAC Acoustics, Hvidovre, Denmark) sound
booth. Participants’ pupil x and y traces of both eyes
were recorded to detect horizontal and vertical eye move-
ments, respectively. For the analysis, only data from the
left eye were used.
Pupil Data Analysis
Peak pupil dilation. To avoid any potential eﬀects of train-
ing, excitement, or arousal, the pupil traces from the ﬁrst
ﬁve trials were excluded from the data analysis. The
recordings from the pupillary response of the remaining
20 trials were analyzed as follows: In the ﬁrst step, eye
blinks, eye movements, and other artifacts were removed
from the recordings. This was achieved by removing
pupil diameter values that exceeded the mean diameter
by more than three standard deviations (SDs). Trials
that contained more than 20% eye-blinks, eye move-
ments, or missing data, and eye-movements larger than
10 from the ﬁxation target, were excluded from the ana-
lysis. The detected eye blinks and movements were
removed using a linear interpolation. The interpolation
was applied 5 samples before and ended 10 samples after
the blinks or movements. In a second step, high-fre-
quency artifacts were removed by passing a 5-point
moving average smoothing ﬁlter over individual trials.
The third step included a baseline correction for all
remaining traces. A baseline value was estimated using
the mean pupil size approximately 1 s before sentence
onset (where the participant listened to only noise;
Figure 3). This baseline value was then subtracted from
the whole pupil curve within each trial. The baseline-
corrected pupil responses were then averaged across all
remaining trials for each condition. Finally, the PPD was
calculated for each participant and each condition
(NoNR L50, NR L50, NoNR L95, and NR L95),
which was deﬁned as the maximum pupil dilation
within the time interval between the sentence onset and
noise oﬀset.
Growth curve analysis. In addition to the PPD, GCA
(Mirman, 2014) was used to model change in pupillary
response over time, as it has been applied in previous
studies on pupillometry (Kuchinsky et al., 2013; Wendt
et al., 2018; Winn et al., 2015). The GCA is a multilevel
regression technique that ﬁts orthogonal polynomials to
the time course pupil data in order to examine morph-
ology of the pupillary response. By applying this statis-
tical model, the hypothetical eﬀect of tinnitus on
processing eﬀort can be investigated over time.
In this study, a third-order (cubic) orthogonal poly-
nomial was applied with ﬁxed eﬀects of SNR, NR, and
group. In addition, the linear term was included in the
model as a random term in order to represent the dis-
tributed variance at the individual level and compensate
for the overall slope. The model was applied to the over-
all time course of pupil dilation within a time window
from 2 to 7 s of stimulus presentation. A third-order
(cubic) orthogonal polynomial was applied which used
a linear combination of three orthogonal time terms
(linear, quadratic, and cubic). The intercept is interpreted
as an indicator of the overall height or mean of the pupil-
lary response. The linear term indicates the overall slope
of the pupil curve, the quadratic term represents the
shape, and thus the symmetric rise and fall rate around
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a primary inﬂection point of the primary reﬂection. The
cubic term supposedly reﬂects the diﬀerences in the rise
and fall, thus reﬂecting the steepness of the curve around
the inﬂection point (see Mirman et al., 2008). An analysis
of variance (ANOVA) was performed in order to com-
pare model ﬁt in each condition. The ANOVA showed
that the cubic term had an eﬀect when comparing the
two groups and improved the model ﬁt. Thus, the fol-
lowing formula was used for the GCA.
PupilDilation  1þ LinearþQuadraticþ Cubicð Þ
Groupþ 1þ LinearjSubjectð Þ
The lme4 package (Bates, Ma¨chler, Bolker, & Walker,
2015) was employed in R-studio (Version 1.1.383, 
2009–2017 RStudio, Inc.) for the GCA computations.
For more detailed information about the GCA methods,
principles, and applications, see Mirman et al. (2008).
Individual coeﬃcients were extracted from the GCA
for the tinnitus participant, meaning each individual
has a coeﬃcient for the intercept, linear, and quadratic
term for each condition; the average of these per individ-
ual was later used for statistical analysis.
Statistical Analyses
Before investigating the hypotheses, an ANOVA was
conducted on the speech recognition performance. This
was to conﬁrm that the groups did not diﬀer on perform-
ance, meaning that performance would not be speculated
to cause any pupil diﬀerences between groups. To test
whether the TG group showed increased task-evoked
processing eﬀort as assessed by the pupillary response
(H1), an ANOVA was conducted on the PPD and on
the GCA. The above analyses were also conducted to
test H2, that is, applying an NR scheme would signiﬁ-
cantly reduce processing eﬀort. To test whether the
worse you perceive your tinnitus, the more eﬀort you
expend in a task (H3), a Pearson correlation and
Spearman’s rho analyses were carried out to investigate
correlations between subjective measures of tinnitus and
objective pupil data. Finally, to test H4, that is, the TG
would show increased self-reported daily life fatigue and
that tinnitus severity would correlate with fatigue sever-
ity, a t-test was conducted on the groups’ subjective
measures of fatigue, and correlation analyses were con-
ducted between the subjective tinnitus and fatigue meas-
ures. In addition, to investigate an eﬀect of the
experiment over time, a t-test was conducted on the indi-
vidual pupil baselines for participants’ ﬁrst and last con-
dition of the experiment.
Results
Speech Recognition Performance
Primarily, a t-test was conducted to investigate diﬀer-
ences in the individually adapted SNRs. There were no
signiﬁcant diﬀerences in the SNRs in the 50% intelligi-
bility level between groups, F(1, 30)¼ 0.0, p¼ .99 nor the
95% level, F(1, 30)¼ 1.8, p¼ .29. For the performance,
Figure 4 shows the mean response accuracy across par-
ticipants for the speech recognition task. The highest
accuracy was measured for the L95 conditions (between
92.7% and 97.9% for TG and 94.8% and 98.1% for
CG). For the L50, the recognition performance was
between 61.8% for the NoNR and 89.6% for the NR
for the TG, and 61.9% for the NoNR and 89.3% for the
NR for CG. For both groups, speech recognition per-
formance during the NoNR L50 condition was quite
Figure 3. Normalized pupil dilation over time as a function of
sentence in noise presentation.
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Figure 4. Speech intelligibility performance in four conditions.
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high. The performance on the speech recognition task
was analyzed using an ANOVA with intelligibility level
(L50 and L95) and NR scheme (NoNR, NR) as the
within-subject factors and group as the between-subject
factor. The ANOVA revealed a main eﬀect of intelligi-
bility, F(1, 30)¼ 247.6, p< .001, indicating a signiﬁcant
improvement in speech recognition at L95, but no sig-
niﬁcant eﬀect of the group, F(1, 30)¼ 0.582, p¼ .45.
In addition, a main eﬀect of NR was measured,
F(1, 30)¼ 265.6, p< .001, indicating signiﬁcantly
increased speech recognition when NR was applied but
no signiﬁcant eﬀect of the group, F(1, 30)¼ 0.679,
p¼ .42. Finally, an interaction eﬀect between intelligibil-
ity and NR was found, F(1, 30)¼ 132.3, p< .001. Most
importantly, the lack of signiﬁcant group diﬀerences in
the aforementioned factors makes the groups adequate
for comparisons on pupil dilation.
Does Tinnitus Affect Pupillary Response?
Peak pupil dilation. The PPD was calculated based on the
remaining trials for each condition. The PPDs are
plotted in Figure 5 for all four test conditions. The
eﬀect of intelligibility level, NR, and group on PPD
was analyzed by ANOVA with intelligibility level (L50
and L95) and NR scheme (NoNR and NR) as the
within-subject factors and with group as the between-
subject factor. The ANOVA revealed a main eﬀect of
intelligibility, F(1, 31)¼ 10.1, p< .005, indicating a sig-
niﬁcantly increased PPD at L50. An eﬀect of the NR on
PPD was found, F(1, 31)¼ 10.4, p< .005, indicating a
signiﬁcantly reduced PPD for the NR conditions.
However, no signiﬁcant diﬀerences between groups on
level, F(1, 30)¼ 0.3, p¼ .59, or on NR, F(1, 30)¼ 1.8,
p¼ .19, were found. These results may indicate that tin-
nitus does not further add to the PPD in a speech rec-
ognition in noise task. No signiﬁcant diﬀerences in the
pupil baseline values were found between the four con-
ditions nor between groups.
Pupil GCA. As no diﬀerences were identiﬁed between the
groups in the PPD, the GCA was applied to model fur-
ther changes of the pupillary response over time between
both groups. The results (shown in Figures 6–9) depict
the pupil dilation data relative to the baseline and ﬁtted
model responses as a function of time. An ANOVA Type
III with a p value criterion of <.05 was conducted on the
individual coeﬃcients to examine any signiﬁcant diﬀer-
ences in the coeﬃcients between groups related to the
condition (NoNRL50, NR L50, NoNRL95, and
NRL95). Type III was chosen because it ensures consist-
ency in comparison. Table 2 provides the results in
which beta values associated with each polynomial
term are presented. The GCA demonstrated that TG
showed signiﬁcantly smaller pupil dilations in the inter-
cept, linear, and quadratic terms in condition NoNRL50
(b¼ 0.05; p¼ .001, b¼ 0.11; p¼ .001, and b¼ 0.07;
p¼ .001), the intercept and linear terms for condition
NoNRL95 (b¼ 0.10; p¼ .001 and b¼ 0.06; p¼ .001),
and for condition NRL95 (b¼ 0.17; p¼ .001 and
b¼ 0.15; p¼ .001).
Does Tinnitus Severity Affect Pupillary Response?
Tinnitus Handicap Inventory. The THI was applied to assess
the TG participants’ self-perceived tinnitus severity. The
average THI score was 38 (SD 15.5), ranging from 20 to
70, with N¼ 9 in the mild category, N¼ 6 in the moder-
ate category, and N¼ 1 in the severe category. To inves-
tigate relationships between tinnitus self-ratings and
processing eﬀort (H3), a Pearson correlation analysis
was conducted. No signiﬁcant correlation was found
between any measures, except for the THI and the self-
rating of daily life fatigue (NFR), where a signiﬁcant,
moderate correlation was found (r¼ .57, p< .05; cf.
next section). No signiﬁcant correlations were found
between the THI and the PPD in any conditions.
In addition, a Spearman’s rho analysis was conducted
between the THI and the individual coeﬃcients for the
intercept and linear terms of the growth curve. This was
performed in order to investigate whether there were cor-
relations between the severity of the tinnitus (assessed by
THI) and the average temporal changes of the pupil dila-
tion. No signiﬁcant correlations were found between the
THI and any of the pupil variables (r¼ .24, p¼ .36 for
NoNR50; r¼ .08, p¼ .77 for NR50; r¼.08, p¼ .76
for NoNR95; and r¼.04, p¼ .88 for NR95).
Does Tinnitus and Tinnitus Severity Affect Fatigue?
NFR, pupil baselines. The NFR was performed to measure
participants’ level of self-reported daily life fatigue. The
average test result of the TG was 51.5% (SD 28.9%),
ranging from 9% to 90%, and for the CG, the average
was 23.1% (SD 18.1%), ranging from 9% to 63%. An
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Figure 5. Peak pupil dilation (mm) for groups in four conditions.
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Figure 7. GCA for groups in condition NRL50. TI¼ tinnitus group, CG¼ control group.
Figure 6. GCA for groups in condition NoNRL50. TI¼ tinnitus group, CG¼ control group.
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Figure 8. GCA for groups in condition NoNRL95. TI¼ tinnitus group, CG¼ control group.
Figure 9. GCA for groups in condition NRL95. TI¼ tinnitus group, CG¼ control group.
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independent samples t test showed a signiﬁcant diﬀer-
ence in the fatigue scores, F(1, 30)¼ 6.1, p¼< .005, indi-
cating a greater level of fatigue for the TG. Figure 10
shows the individual NFR scores for each group, where
the scores have been sorted from smallest to largest
scores in each group.
A signiﬁcant, moderate correlation was found
between the THI and the NFR scores, (r¼ .58,
p< .05), indicating that the greater the degree of tinnitus
severity, the greater the level of fatigue. Figure 11 dis-
plays a scatterplot of the THI scores as a function of
NFR scores.
Ultimately, because group diﬀerences on NFR were
identiﬁed, it was investigated whether the course of the
experiment had an eﬀect on pupil baseline. A paired
samples t test showed a signiﬁcant reduction in the
pupil baseline from the ﬁrst to the last condition of the
experiment, F(1, 30)¼ 3.6, p¼ .001, with a mean diﬀer-
ence of 0.22mm, but no signiﬁcant diﬀerence between
groups (p¼ .12 for the ﬁrst condition and p¼ .08 for
the last condition).
Discussion
This study investigated the eﬀect of tinnitus on process-
ing eﬀort as indicated by the pupillary response while
recognizing sentences in noise in a group of hearing-
impaired (HI) people with tinnitus. Pupillary response
was measured while participants were performing the
Danish speech-in-noise test at two diﬀerent speech intel-
ligibility levels (L50 and L95) with an NR scheme either
inactive or active (NoNR and NR). To the best of our
knowledge, this is the ﬁrst study that has examined the
eﬀect of tinnitus on eﬀort by means of pupillometry
during speech recognition in noise.
Generally, the pupil data analysis revealed a main
eﬀect of speech intelligibility and NR on pupil dilation,
which corroborates previous pupillometry studies
(Ohlenforst et al., 2017; Wendt et al., 2017; Zekveld
et al., 2010, 2011). With regard to the eﬀect of tinnitus
on eﬀort, it was hypothesized (H1) that the TG would
show greater pupillary responses, indicating a greater
task-induced eﬀort; furthermore, it was hypothesized
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Figure 10. Individual NFR scores on groups, sorted from smallest to largest.
Table 2. Linear Mixed Model Fit by Maximum Likelihood Formula and Output of the Analysis of Variance Type iii on the GCA for the
Pupillary Responses Recorded in Conditions for Two Groups.
Formula code: PupilDilation  (1þ LinearþQuadraticþCubic)  Groupþ (1þ LinearjSubject)
NoNR L50 TG>CG NR L50 TG>CG NoNR L95 TG>CG NR L95 TG>CG
Term b F(df) p b F(df) p b F(df) p b F(df) p
Intercept 0.05 14.1 (1, 1094) *** 0.00 0.38 (1, 1134) 1 0.03 29.4 (1, 1135) *** 0.17 46.61 (1, 1098) ***
Linear 0.11 25.8 (1, 1092) *** 0.00 0.07 (1, 1133) 1 0.08 16.9 (1, 1135) *** 0.15 39.2 (1, 1094) ***
Quadratic 0.07 18.4 (1, 1098) *** 0.00 0.40 (1, 1135) 1 0.02 0.21 (1, 1135) 1 0.01 2.1 (1, 1098) 1
Cubic 0.00 0.0 (1, 1098) 1 0.00 0.09 (1, 1135) 1 0.01 0.01 (1, 1135) 1 0.01 3.1 (1, 1098) 1
Note. F(df)¼ F value with (degrees of freedom). Beta values represent a contrast estimate, such that they signify how much greater the effect was for the TG
compared with the CG. TG¼ tinnitus group; CG¼ control group.
***p< .001. **p< .01.
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(H2) that an NR scheme would reduce the pupillary
responses. It was also hypothesized (H3) that the sub-
jective measure of the perceived severity of the tinnitus
would correlate with the pupillary response parameters,
such that the worse the tinnitus was experienced,
the greater the eﬀort that was employed in the recogni-
tion task. Furthermore, that the subjective measure
of tinnitus would correlate with subjective measure
of self-reported daily life fatigue and NFR, indicating
that the last would be greater in tinnitus patients with
greater tinnitus severity. Finally, it was hypothesized
(H4) that the TG would show signiﬁcantly increased
NFR than the CG. It was also investigated if the pupil
baselines were aﬀected over time from the beginning
to the end of the experiment. In the following section,
the results will be discussed with regard the above
hypotheses.
Effect of Tinnitus on Processing Effort
The results indicated that tinnitus does not seem to have
a signiﬁcant eﬀect on either the recognition performance
or the PPD in any of the four conditions. A GCA was
employed to quantify the inﬂuence of tinnitus on pupil
dilation across time. The analyses revealed signiﬁcant
diﬀerences between the TG and CGs in the overall
mean and the overall slope of the pupillary response in
three out four conditions, as well as the shape of the
primary inﬂection point of the curve in one condition.
Interestingly, the CG showed pupil dilations with greater
overall mean and overall slope. This is contradictory to
the hypothesis.
It is possible that tinnitus aﬀects processing eﬀort but
that PPD is not a suﬃciently sensitive measure for
detecting it. This lack of sensitivity is supported by the
GCA analysis, which demonstrated signiﬁcantly smaller
overall level and slope of the curves in the TG in three of
four conditions. Because the groups were performing
equally on speech recognition and have no signiﬁcantly
diﬀerent SNRs, age, or hearing loss, it may seem coun-
terintuitive that individuals with tinnitus and hearing
loss should have smaller dilations, in the light of the
research that has shown that larger peaks of dilations
are associated with greater eﬀort (e.g., Wendt et al.,
2017; Zekveld & Kramer, 2014). However, previous stu-
dies that compared HI to NH people found that HI
actually shows smaller PPDs than NH (Kramer et al.,
2006; Wang et al., 2017; Zekveld et al., 2011) in some
situations. Although this study did not ﬁnd the TG to
have smaller PPDs than the CG, the GCA showed that
on temporal changes, the TG in general had smaller dila-
tions while performing the task. Furthermore, this study
found signiﬁcantly increased NFR scores in the TG,
indicating a group eﬀect of (chronic) fatigue. Previous
research (Wang et al., 2017) found that increased levels
of NFR were associated with reduced task-evoked pupil
dilation. In this study, the TG showed signiﬁcantly smal-
ler dilations on the GCA and signiﬁcantly increased
levels of NFR, a self-assessment of daily life fatigue. It
is not clear whether it is the tinnitus or the higher level of
NFR that caused diﬀerences in the pupillary response,
and likewise whether it is the tinnitus that causes a
greater NFR, or an increased daily life fatigue that wor-
sens tinnitus symptoms. Nevertheless, it is speculated
that the tinnitus patients may have greater inhibition of
the PNS, which could have caused the relatively smaller
temporal changes in pupillary responses. Wang et al.
(2018) applied pupillometry to investigate processing
eﬀort required for speech recognition in noise.
Interestingly, they tested this in both light and dark, as
the SNS and PNS have diﬀerent amounts of contribution
to the pupil response according to the amount of light.
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Figure 11. Scatterplot of THI as a function of NFR.
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By testing pupil dilation in both light and dark, the
authors were able to disentangle the contribution to
the pupil response for those two branches of the auto-
nomic nervous system. They found that individuals with
greater needs for recovery (independent of hearing
status) showed smaller PPDs when tested in light, and
they speculated that a smaller dilation indicated a higher
PNS activity. They reason that the PNS is essential
during recovery from stress, such that individuals who
on a daily basis experience a greater NFR (i.e., a greater
level of fatigue) may have an excessively activated PNS
in stress situations, when the SNS should be in charge.
Likely, tinnitus aﬀects the ability to ‘‘wind down,’’ as
tinnitus is often most disturbing in otherwise calm situ-
ations, such as reading in quiet or attempting to fall
asleep. It may be possible that persons with tinnitus
experience a greater PNS activity as a result of this,
thus disturbing the ‘‘rest and digest’’ response. Wang
et al. (2017) did not ﬁnd signiﬁcant diﬀerences in NFR
between HI and NH and speculated whether other fac-
tors such as anxiety and personality may be better pre-
dictors of daily life fatigue. This study showed that
tinnitus may be a predictor of NFR, highlighting the
need for research to control for tinnitus when investigat-
ing topics such as fatigue as well as task-evoked pupil
dilation. Furthermore, previous research (e.g., Jiang
et al., 2003) found increased levels of fatigue in individ-
uals with anxiety, and anxiety has previously been found
to be comorbid with tinnitus (Guitton 2006; Landgrebe
& Langguth, 2011; Pattyn et al., 2016), emphasizing the
need to consider tinnitus in patients when conducting
research. The pupil baseline was analyzed for changes
from the beginning to the end of the experiment, to
investigate any acute fatigue inﬂuence on pupillary
responses. A signiﬁcant reduction in the pupil baseline
was found, but no signiﬁcant diﬀerences were found
between groups. This suggests an eﬀect of acute fatigue
of the experiment on all participants, regardless of the
presence of tinnitus or higher NFR. This eﬀect has pre-
viously been reported (e.g., Klingner, 2010). It is inter-
esting that this eﬀect does not seem to diﬀer between
groups, as the TG showed signs of greater long-term
fatigue. An eﬀect of the experiment was found despite
having included two breaks during the experiment, and
the freedom of taking more breaks for the participants.
This study further investigated the beneﬁt of an NR
scheme for the two groups. Wendt et al. (2017) showed
that participants with hearing loss show a beneﬁt of an
NR scheme that is applied in modern HAs on eﬀort. We
hypothesized that this eﬀect is also found in the current
study, and found no signiﬁcant diﬀerence between
groups in PPD as a function of the active NR scheme.
Interestingly, even though the TG showed smaller dila-
tions, there was a tendency that the reduction in PPD
was larger for the TG than the CG. Thus, even though
the TG may have smaller dilations (possibly due to an
increased PNS activity), they still show a beneﬁt of the
signal processing on processing eﬀort that is similar to
the CG. These results have clinical implications, provid-
ing evidence to clinicians that diﬃcult-to-ﬁt patients,
such as those with tinnitus, can beneﬁt equally from
having a program in their HAs with advanced signal
processing, giving them the beneﬁt of reduced eﬀort.
Correlations Between Pupillary Response, Tinnitus
Severity, and NFR
This study found no signiﬁcant correlations between tin-
nitus self-report measurements and PPDs, nor the average
individual coeﬃcients of the GCA model. There was evi-
dence to support a hypothetical relationship between
degree of tinnitus and pupillary responses (e.g., Stevens
et al., 2007, who found slower reaction times in tinnitus
patients; Cuny et al., 2004, who found tinnitus severity to
be associated with attentional disturbances; Rossiter et al.,
2006, who found poorer performance on WM tasks in
tinnitus patients). However, it is noted that discrepancies
between subjective measures and performance on behav-
ioral tasks or objective measurements in tinnitus research
are often found (Andersson & McKenna, 2006).
As mentioned earlier, the TG was signiﬁcantly more
fatigued based on NFR scores, and the THI signiﬁcantly
and moderately correlated with NFR. It is unclear
whether fatigue causes tinnitus symptoms to worsen or
if tinnitus causes fatigue, but a relationship between the
two seems to exist. This is not unexpected and is consist-
ent with previous studies. For example, tinnitus has been
found to be connected with emotional exhaustion (He´bert
et al., 2012), with sleep disturbance (Alster et al., 1993),
and with insomnia (Cro¨nlein et al., 2007; Folmer &
Griest, 2000). The prevalence of fatigue in participants
with tinnitus has clinical implications. In addition to per-
sonal costs, fatigue may have socioeconomic conse-
quences, because it can result in longer leaves of
absences from work. Persons in employment who suﬀer
from the combination of hearing loss and tinnitus may be
at a similar risk of developing chronic fatigue similar to
other chronic health conditions (Hornsby et al., 2016).
Treatments for tinnitus may beneﬁt from including
aspects of treatment that identify and prevent fatigue
from developing, thus keeping the risk of personal and
socioeconomic costs at bay. This is especially relevant as
the correlation between the measure of tinnitus severity
and fatigue level indicates that the worse your tinnitus
aﬀects you, the more fatigued you are likely to be.
Limitations
It is noted that there was a large variance in this study in
general. The age span of all participants ranged from 45
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to 84 years. The individual SNR necessary for 50% and
95% also ranged greatly, from 3.7 to 8.9 for the 50%
level and from 1.4 to 12.8 for the 95% level. Although
there were no signiﬁcant diﬀerences between the groups
on any of these parameters, some co-varying factors
seem to exist, which could have inﬂuenced the individual
amount of processing eﬀort and pupillary response data.
For example, increased age is accompanied by a greater
vocabulary and linguistic expertise (Zekveld et al., 2011).
This dynamic may inﬂuence the easiness of a speech rec-
ognition task such as the HINT, which was used in this
study. However, Zekveld et al. (2011) found that an
increased vocabulary ability was associated with greater
processing eﬀort as measured by pupillometry. They also
found that older age was associated with greater process-
ing eﬀort. In this study, the eﬀects of age and vocabulary
were not assessed, which nonetheless may have contrib-
uted to the large variances seen in the results. Future
studies could focus on including factors like age and
vocabulary scores in pupil analysis models.
It would be especially useful to investigate the pupil-
lary response for speech recognition in quiet. Here, it is
speculated that there may be a diﬀerence between indi-
viduals with tinnitus and hearing loss and individuals
with only hearing loss, as it will be an easy condition
for the group with hearing loss, but a condition where
the tinnitus may be audible and disturbing. In speech-in-
noise situations such as the HINT, the sound pressure
level is likely high enough to mask the audibility of the
tinnitus. Perhaps the eﬀects of the tinnitus would be
found later (some hours after the experiment where after-
maths of acute fatigue may occur) and not actually
during the task where the tinnitus may be masked.
Conclusions
This study demonstrated no signiﬁcant group diﬀerences
in terms of processing eﬀort as measured by the PPD
between participants with tinnitus and hearing loss and
participants with only hearing loss. However, signiﬁcant
diﬀerences in the overall mean and slope of the pupillary
response were measured in the TG, indicating overall
decreased pupillary response in the TG. It was argued
that smaller dilations may be due to greater levels of
daily life fatigue and NFR.
Beneﬁts of an NR scheme on eﬀort that have previ-
ously been seen in research were found to apply equally
well to individuals with tinnitus, as the reduction in PPDs
due to an active NR scheme was similar for both groups.
No correlation was found between subjective meas-
ures of tinnitus and PPD nor individual coeﬃcients of
the GCA. However, participants with tinnitus reported
signiﬁcantly increased levels of self-reported daily life
fatigue on the NFR, which may have clinical as well as
research implications.
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